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HELICOPTER ROTOR-BODY STABILITY IN HOVER J

William G. Bousman

Ames Research Center
and

Aeromechanlcs Laboratory

AVRADCOM Research and Technology Laboratories
o . • _ J

SUMMARY

Model tests of a 1.62-m diameter rotor were performed to investigate

the aeromechanlcal stabillty of coupled rotor-body systems in hover. Experl-
mental measurements were made of modal frequencies and damping over a wide

range of rotor speeds. Good data were obtained for the frequencies of the

rotor lead-lag regressing, body pitch and body roll mode, and the damping of
the lead-lag regressing mode. The quality of the damping measurements of the

body modes was poor due to nonlinear damping in the gimbal ball bearings.

Simulated vacuum testing was performed using substitute blades of tantalum
that reduced the effective Lock number to 0.2Z of the model scale value while

keeping the blade inertia constant. The experimental data were compared with

theoretlcal predictions, and the correlation was in general very good.

INTRODUCTION iI

t'
The body degrees of freedom of a helicopter exert a profound influence

on the stability of the coupled rotor-body system for configurations whose i_
lead-lag frequency is less than the rotor speed (soft inplane). For \
articulated rotors the coupling of the rotor and body inertlally can result

in a strong instability termed ground resonance. This purely mechanical ]i,

instability is now well understood (ref. I); however, in the case of hinge-

less rotors substantial aerodynamic and structural coupllngs may arise and
the problem of aeromechanical stability is conslderably more complex (ref. 2)•

A number of detailed theoretical models have been developed to inveoti- ,
gate the aeromechanical stability of soft inplane hingeless rotors (refs. _'
3-5), with the specific purpose of providing the analytical tools to support
the design of a soft inplane hingeless rotor helicopter. In the case of I

Boeing Vertol a number of experiments have been performed in addition with

small-scale helicopter models to verify their design concepts, and in the
. process validate their theoretical model (refs. 6,7). More recently,

Ormiston has described a simplified theoretical model of a coupled rotor-body j
system (ref. 2); this model is particularly useful as a tool for obtaining a I

• fundamental understanding of the factors that affect the aeromechanical
stability of hingeless rotor helicopters. The present experiment has been

designed to use a simplified experimental model to investigate the
I
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aeromechanical stability of coupled rotor-body system in a manner analogous
to that of reference 2, and in the process to develop a body of experimental
data that is suitable for the validation of analytical models of coupled
rotor-body stability. The development and examination of appropriate test
techt, lques for coupled rotor-body testing are an integral part of the experi-
ment design as well.

The testing of model rotors or helicopters can be broken down into the
categories of: (1) exploratory testing of new concepts; (2) development
testing of a new design; and (3) research model testing (ref. 8). The
present experiment is in the last category, and it is important to dis-
tinguish that the experiment has been designed to match the theoretical model
as closely as possible rather than any particular helicopter. The reason for
this effort is to insure that in the validation process of a theoretical
model, that any difference between the theoretical prediction and the ex-
perimental data reveal the limitations of the theoretical model, and not the
experimental modeling process.

The design of the experiment is discussed first; the model used is then
described, including the excitation system and instrumentation. The
techniques used to excite the various rotor-body modes and the methods of
obtaining damping and frequency are discussed. The experimental results are
shown and compared with theoretical predictions of the analysis described in
reference 9. Conclusions are offered with respect to the results of the
experiment, and the worth of the experimental design.

SYMBOLS

A _lexure cross-sectlonal area, cm2

a lift curve slope
I

b number of blades

c blade cord, cm

Cdo profile drag coefficient

D bearing damping, N-cm

E Young*s modulus, N/cm 2

e hinge offset, cm

fB friction force in ball bearings, N .

G shear modulus, N/cm 2

g gravitational acceleration, cm/sec 2
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h distance from plane formed by glmbal axes to rotor plane

• I blade inertia, g-m_

Ic flexure chordwlse area moment of inertia, cm_

If flexure flapwlse area moment of Inertla, cm_

I_ blade pitching moment of inertia, g-mP

I0 body inertia about pitch axis, g-m2

I@ body inertia about roll axis, g-m 2

J flexure polar area moment of inertia, cm_

Jr rotor polar moment of inertia, g-m2

K body stiffness, N-cm/rad

kz vertical body spring, N/cm

L blade length from flexure tip, cm

flexure length, cm

_'x longitudinal spacing of vertlcal body springs, cm Ii
_y lateral spacing of vertical body springs, cm !,I

{

mB body mass, g

mb btade mass, g

mh rotor mass, g

nB number of balls in ball bearing

p rotating flap frequency, Hz

R blade radius, cm

rB radius to application of bearing damping force, cm

xb blade spanwise mass centroid referenced to flexure tip
made dimensionless by blade length L

xc blade chordwise mass centrotd referenced to quarter chord
made dlmenslonless by blade chord c

• Xcn blade spanwise mass centrold referenced to centerline, cm

Xco blade root cutout, cm



i., Yd Lock number including effect of profile drag coefficient

_cos rotor lead-lag cyclic coordinate, deg

_local local damping coefficient

_sln rotor lead-lag cycllc coordinate, deg.

n_ blade d_mplng, percent critical

n_x body roll damping, percent critical

n@y body pitch damping, percent critical

0 body pitch angle, rad

e b blade pitch angle, deg

0 i peak magnitude of body pitch angle, deg

0 density of air, g/cm 3 i

Pd density of uniform blade, g/cm3

o rotor solidity i_

o modal damping exponent, sec-I

rotor speed, rpm

_o nominal rotor speed, sec -1 I

modal frequency, Hz t

_ flapping mode frequency, Hz I

_ lead-lag mode frequency, Hz

_0 body pitch mode frequency, Hz

_ body roll r4odefrequency, Hz

Subscript:

( )o nonrotatlng conditions (except as noted for %)
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i!1 EXPERIMENT DESCRIPTION

Exp,,rImental Design

The primary objective of the present experiment is to provide n body of
experimental data that can be used to validate theoretical models for tile

prediction of coupled rotor-body aeromechanieal stability. To obtain this
goal tile experimental design requires that: (1) the basis for comparison
between theory and experiment must provide a rigorous test of the theoretical
model_ (2) tile data obtained must be extensive enough to provide a varied
test of tile theoretical model; and (3) the experimental model must simulate
the theoretical model as closely as possible.

The basis of comparison used for the present experiment is the
frequency and damping of the flap and lead-lag regressing modes, and the
body pitch and roll modes. These are examined over a range of rotor speeds
that provide nondimenstonal lead-lag frequencies from stiff inplane to soft
Inplane. Additional variation is provided by changes in blade collective

pitch angle, body stiffness, a_d Lock number.

The model design is based on tile simplified theoretical model used in
reference 2. Specifically, the blades have been designed to be very stiff,
wlth most of the flexlblllty concentrated In root flexures. This provides

an experlmental approximation of the centrally-hlnged, rigid blade with
spring restraint that Is used In the theoretlcal model. As tileblade

torslonal degree of freedom is not Included In the theoretical model, the

blade and root section of tlleexperimental model are designed to be !

t torsionally very stiff. The model is mounted on a glmbal frame and bearings i

and in tillsway simulates purely pitch and roll body motions• i
i

i'
Simulated Vacuum Testing :_

-"I tt is highly desir_ble in the theoretical validation process to obtain i
experimental data with aerodynamic effects ellmlnated, but inert lal and

structura) terms u -hanged. Thls is especially useful In the case of

hlngeless rotor aex.._chanlcal stability where the effects of aerodynamics i

_;tgnlficantly alter the behavior of coupled rotor-body instabilities of tile I
ground resonance type• Tesklng In a vacuum chamber can be both difficult
and expensive. However, tim effects of testing in a vacuum may be simulated
by reducing the Lock number of the rotor. Defining Lock number in the form:

" where tile conventional definition has been modified to include the effect of

tile blade profile drag coefficient. Cdo. In WlCUUm testing tilt, Lock numbero

"" ¢ ..... _ .... i .............. 1_.tl, i ....1 I 1_It _,l......._......1'!_ ...._ I I .'1__.!_ _ 1....1 IA L.I....J 4
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_t is zero because the density of atr is zero; however, there are other ways In
...._; which Leek mlmber may be reduced. Tile particular strate},y um, d Ill this

'[ experiment was to make a blade of circular cross sect ion and In tills way '
reduce the lift curve slope to zero. Tills would not be a sat isfactory

i solution if blade flexibtlity were important to tilt, problem, but [n the

present case it is not. If a uniform cylhldrical rod is assumed, then the
expression for Lock number becomes

t

- )d = n C

'l
/:,_I where Pd is the density of the blade material. I"o further reduce Lock
] number it is clear that tile radius must be reduced° or blade chord or density

,',_} increased. The problem is constrained by the need to maintain the same

_!_t blade inertia,
that is

.ii!1 Ode.R" = 'v"

as blade radius Is reduced. 'the best choice then is to build the rod of as
dense a material as is feasible, and select a radius that does not cause an ,'
excessive increase in rotor mass and body inertia, or effective hinge offset.
Tantalum is the best design choice, being denser than lead and with strength #
characteristics of steel. A radius of about ,_8 cm W._s selected for the _ '

!
present experiment; tile normal blade radius is 81 cm. The resulting wtlue ',

• O._,, of the aerodynamic blade vahle.

of Lock number is approximately _

\Hodel Descr let ion

To_, model used in tilts experiment is a three-bladed, i.b2-m diameter
rotor mounted to a body that is supported by a t, lmbal frame and stand that
allow pitch and roll freedom, A two-view drawing that illustrates tile major
features of the model and stand is shown iu figure I. A photograph of the
model as tested is shown in figure 2. Tht' rotor and hub are mounted on a
static mast that bolts directly to the transmission housing, 'rile rotor is
driven by two 4.5-kN electric motors through 11 7.5:1 redtlct Iou trallSlUtSsion
and a drive shaft internal to tile static ma._t. The tllodt'l it_ ,qUl_l_ortod at

j eitht.r end by ball bearings that encircle tilt, motor housing aud provide tilt,
_--! btxiy roll freedom. Tile roll ball bearings are lnounted in tilt, gtmbal trame

which in turn is ,mlpported by It set of pitrh ball bearings that mount to the
_.!
., rigid stand. Additional stiffening is provided tilt, stand with t it,-down

c_tble8 •
1
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I
:i;_ The body frequencies arc determined bv eantllew, r beam sprtu_:s, two

spring_ for pitch _lnd one sprlnp, for roll. The freqtlollcy t'_ln be ;Idltls_ed by
a sl lder on the cantilever beam aprln_ that shorten_ lie,worktn_ lenKth of
the beam. Roll or pttehInR mot ion of the Rlmbal may also be lot'kt,dout wltll
_iset of locking screws.

A snuhhtng mechanism is located in the stand directly helow tht, model.
and is capable of locking out body motion. The snubber may be actu_lied
either by an electric motor or bs' releasing a compressed spring internal to
the mocllanim,. In the latter case the model is snubbed or locked out ill

approximately a O.l sec. Under normal conditions the model ts snubbed by
the operator upon observing unstable reorient. However, a control circuit
is included that autor_tic_llly releases the compressed spring and snubs tee
model if the lead-lag bending moment signal from the blade exceeds a preset
Va Itle•

To simulate the rigid blade with spring restrnlnt used in the theory,
the rotor blades were designed to be as rigid as possible, and flexibility

was concentrated in flexures at the blade root. A drawing of the root

flexures in an exploded view is shown in figure 3 and a photograph in

figure 4. From these figures it can be seen that tileflap and lead-lag
flexibillty are concentrated in sept,rate flexures. They _,reconnected so

that their centerllnes _re coincident. There is no blade pitch bearing, so
all blade pitch angle changes are made maraud|flyby carat ing the blade

within its socket. The design of the root flexures is sUCll that the

torsional stiffness is quite high. The blade is _icomposite desigxl uslu_,,

Kevlar, fiberglass, and balsa wood in its construction. _is sho_nl in figure 5.
The spar is made up of unidirectional plies of Kevlar with a final 45 ° bias

crossply to add torsional stiffness. The Kevl_ir ZJl_arand balsa wood _ift '_

section are enclosed in a fiberglass skin and n_tted with a titanium root _,
section to make the final blade. ,

!1
Although most of the flexibility is ¢oncetitrated in the root flexures.

the flexibility of the blade does influence the flap and lead-l_iF_fre-

quencies. This effect can be estimated by looking at the change in non-
rotating blade frequencies as blade pitch angle is chnnged. Thls was done in

reference 10 for the present blade and flexures, and the R por_imeter of

Ormiston and fledges (ref. 11), which relates the amount of flexibility

outboard of the blade pitch bearing to the total blade flexlbillty, w_Is
estimated as 0,13.

The model with t|le stub blades made of tantalum instal led is shown in

figure 6, The tantalum rods are pinned into a steel grip which is bolted on
to the outer section of tile flap flexure. F1applng stops art, Included In

:_ this configuration to keep the heavier tantalum tdtub blades fr_m eauslllg

:_i'_ excessive stress in the fhlp flexures wl',_nthe rotor is stopped.

,_ The model propertlos needed for correlation with the expertm,,ntal data

_ have either been measured on the model under nonrotattng tend it ions or c_l-
oi. culnted from model design data. Tilese properties aud their dett, rmlu_:tion _l"e
"_i" d i._'ussed in appendix A.
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Model Excitation

An electromagnetic shaker was used to excite the rotor and body modes by
oscillating or deflecting the model about its roll axis. The shaker was
capable of model excitation down to zero frequency, and this was especially
useful near resonance of the lead-lag mode with rotor speed. Figure 7 shows
the shaker connection to the model. A pair of beams, bolted to the underside
of the mod_l transmission, extend outward and up to a cross piece that is
held by a small, pneumatically-actuated clamp. The pneumatic clamp provides
a means of holding on to the cross piece during model excit,tion, and by
opening the clamp at the same time the excitation Is stopped the model
motions can decay without restraint from the shaker and its linkages. The
pneumatic clamp is mounted on a linkage that passes down through supports
used for alignment to a bell crank that is connected in turn to the shaker.
Preload springs are included in the lin_ge to center the pneumatic clamp
with the cross piece. A pair of opposed air cylinders are used as a
secondary means of locking out model motion.

Model Instrumentation

Each blade root flexure was instrumented with a full strain gage bridge

to measure lead-lag bending moment (on the lead-lag flexure), and flap and
torsion bending taoment (on the flap flexure). The signals were routed
through the drive shaft to a 60-channel slip ring mounted in the base of the
model.

Body motions were measured in two ways: first, with accelerometers

mounted on the static mast Just below the hub, and second, with resistive
film potentiometers mounted at the pitch and roll bearing locations.

Measurements of rotor speed were made with an inductive pickup from a _60-tooth gear, and an optical v:ckup providing a one-per-rev spike.

Instrumentation cables from the slip ring and from body measurements

were combined with transmission oil lines, water cooling lines, motor power,

and thermocouple wires and routed through brackets at the pitch and roll
pivot points to minimize the effect of cable motion olx body damping (see

fig. 6).

AEROMECHANICAL STABILITY TESTING

Parameter Variation

For each test configuration, changes in rotor speed provide the means

of varying the rotor characteristics over a wide range. This is illustrated
in figure 8 where the uncoupled rotor progressing and regressing mode

frequencies are plotted in the fixed system as a function of rotor speed.

(The rotating system flap and lead-lag frequencies are shown for clarity.)

At about 440 rpm the lead-lag motion is in resonance with rotor speed, that

8
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Is _ - _ in the rotating system (or _-_K - 0 in the flxed .ys_em)
• Lower rotor speeds are representative of at_ff inplane configurationsl

_:'_; while higher rotor speeds are representative of soft lnplanc configu-
rations, _. Aeromechanical instabilities of the ground or air resonance

• type may occur in this latter region if a body mode frequency is proximate
to the lend-lag regressing mode frequency• Tn Investigate these In-
stabilities the body frequencies for this experiment were selected in the
range 0 - 5 Hz.

A test configuration was defined by (I) whether the tantalum stub
blades or aerodynamic blades were used; (2) if bach pitch and roll freedom
were allowed or only roll; (3) the selected body stlffnesses; and (4) in the

case of the aerodynamic blades, the blade pitch angle. The configurations
tested in this experiment are listed in table I.

TABLE i. - EXPERIMENTAL CONFIGURATIONS TESTED

Blades Pitch Roll Pitch

frequency, Hz frequency, Rz angle, deg
...... , ,= ,,........ ,..

Tantalum 27.4 0.75 --

(Locked out)
1.89

2.60

4.11

. 2.58 2.55
,.. ,.......... = ,,.

Aerodynamic 27.4 2.79 O.0
(Locked out)

2.62 2.73 0.0

2.62 2.73 8.9

For those conditions where the pitch degree of freedom was locked out by

restraxning the glmbal frame, the first cantilever pitch-muds frequency of

the body was about 27 Hz which places it well away from the regre,sing mode

frequencies (fig. 8).

Modal Measurements

A rigorous test of a theoretical model requires that experimental

measurements be made of those modes that have a significant effect on coupled
• rotor-body aeromechanlcal stability. In the present experiment most of the

9
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affort wan directed t_ward _lbt;_lntng trot imat,,tl tlf tilt irt,quoncy lip,| damping
of tht, rotter ragrc.nslng medea and the body pitch lind rt_ll m,_tlof_.

Th¢, rotor load-l_tg regrom_tng moth, lit gon,,r;tll_, th,, I,,:lt_t t_t;Iblo modt,

of _1 cntlpl_,d rt_tor-I_t_dy nyt_tent, slid It In thor,,ftw,_ ,l,mlr;d_l_, tc ,_bnorvo I
this modo dlr/,ctly In tit,, nonr,Hatlng t_vttt,,n;. '1',, do thl..;, the, Indlvldu_il _."

1' flexure l.P.ad-lag bonding algnalt4 w,,r_, trantH'orm,,d re tlxod tw,H,,m co_

i: ordinates using the multlbladt, tr;n_t.tform of l'olt,l't,llCt, | ,'. Thlt.: lr_Hlttlorm

t provldon tilt, multiblade cyclic coor,llnatet;, ;,t_ln _llld "._'_m which rtqwt,-
nt.nt the rott,r t'entt, r of gravity po._tlt ion thto t_ blonde I_,ad-liq: m_,tlon.

i Both progressing attd regret;sing modeti appear Ill e;|t'h t'yt'! It' coordinate, but

because of their large d|fference In freqltency they ,Ire e;l_._lly separated by
" filtering. '?he ability to directly observe tilt, rtTrt, sstng or progrt,;aslng
!! ,node greatly..,Implified the operation of the experiment. Estimates t,f the

i! moda! frequency and damping were obtained by exciting tile lead-lag
_.,, regressing mode with tile shaker. The excitation was tht, n cttt off, tilt,

,4 model released, and frequency and damping were estimated |l'oln tilt, trant_ient

1 decay. Frequency measurements were made on l/no with a spectrum analyzer,
the resolution of the measurt,ments being 0.08 Ha. The tralislent decay was
also recorded on oscillograph and FFI analog tape, and the talult tblade cyclic
coocdinate was pas_ed through a tracking filter that included a log magni-
tude output for analysis of both frequency and damping (ref. 13).

The flap regressing mode of the rotor is normally heavily damped due to
blade aerodynamic damping, and it is therefore difficult to excite the mode

or measure its frequency and damping. However° for test configurations
=:... using the tantalum stub blades there is negligible blade aerodynamic damping

"i i and the mode is readily excited. The flap regressing mode shows strong

! "i participation in both the flap cyclic coordinates and the body coordinates.
The body modes also show substantial participation in both the flap cyclic

_ and body coordinates. Modal measurements of both the flap regressing mode

I ! and body modes were therefore made in the body coordinates and :;eparated
with a tracking filter. Both flap regressing and the body roll modes were
excited directly by deflecting the model In roll and releasing It. The body i
pitch mode was excited indirectly through gyroscopic coupling. As In the
case with the lead-lag regressing mode, frequency estimates were made on
line with a spectrum analyzer, and a tracking filter was used later for

estimating frequency and damping from analog tape records. In general, the
nonlinear damping characteristics of tim gimbal bearings prevented satis-
factory estimates of body or flap regressing mode damping.

TEST RESULTS

Correlation tlodel

The experiment was designed to match tiletheoretical model described

In reference 2. Itowever, tile centrally-hinged blade model of reference 2

was approximated in the experimental model with an offset hinge. As a
result, there is a significant frequency shift between theory and experiment

10
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du_-, t_l hta_,e of frier. Thi_t tt_ t,t_pocially noticeable in the L.lnt_lhlm r_tub
blad,, earle _horo tlle imndlm,,1)r_l,mnl hi_ig,_ _)fft_pI tt_ quite largo duo t,) tlm
r_mall l_la,h radius. The analyth'al mud,.,1 d,_twrlbed In rl,f¢_rplw,, q, I,lwever,
in wol } alwlt,_d f,_r corrplathni with [h,, pl ,,tu, n! ,,×portm,,nta} ,lal:l .line,, th,,

' torr_ionally t,tift _ root fl_,xure c,_ni it,,uratlon of [he p_perlm,,nt.il m,_del it; a
t_poclal cat_e of a hearlnglest_ rot,,r.

The theoretical model el refererwe 9 a_tmme,,_ lhreo _r more rigid bladt, z_
arc attached to root I lexuret_, each of whlcll h:lH tllree a,,;ular dial _ three
linear degrees of freedom. The bladen may be constrained at theli root b_
various pitch link geometrlts oI, an in the pre,_ent case, with 11o con-
straLnt. The body is assumed to be rigid with lateral, longitudinal, pitch
and roll deg,_es of freedom, For air resonance stability the body motions
are unconstrained, while for ground resonance stability the body is assumed
to be mounted on springs, and the appropriate body frequencies are de-
termined by the spring stiffness and their offset from the body reference
center. For correlation with the experimental data the body translational

degrees of freedom are suppressed and tiw body 8tifincss ts determined by
vertical springs and their distance from the mass center. Parameter x :lues
for the theoretical model (ref. 9) are identified tn appendix B.

Tantalum Blades with Roll Freedom

R__%_A'es_mode _. - Frequency and damping meat,:,.. _......_e made with
the tantalum stub blade configuration and the gimba._ px_ch degree of freedom

locked out. Four different roll spring stlffnesses _'cre used to provide a

variation in body roll frequency. (Roll spring stiffness was determined by

the position of the slider on tilecantilever beam sp'Ing except for the

lowest stiffness case, _o = 0.75 llz,where the cantilever beam spring was
_emoved and very s_,t coil springs were substituted.) bleasurements were
made for rotor speeds from 250 to I000 rpm, which provld_-d nondimen,_ional

rotor lead-lag frequencies ranging from 1.7/rev to 0.7/rev. The d'ita for
these four conditions are shoxcn in figures 9 to 12, and compared with the

tht,oret Ical predictions.

blodal frequency data were obtained for tile lead-lag and flap regressing
modes, and the body roll mode. The modes were t.dentJfied from tile ex-
perimental data by the physical coordinates they appeared in and by the
method of e:_cltation used, Thus, the lead-lag regressing mode is always

identified by circles, the flap regressing by triangles, and so forth. The

modes predicted by the theory, however, sometimes change character as rotor
speed is varied. In figure 9(a), for instance, the lowest frequency mode

._,'.i' starts out as the body roll mode under nonrotatlng conditions° and as rotor

:_'" speed is increased it becomes predominantly a flap regressing mode. As

i"' rotor speed is further increased, this mode couples with the lead-lag

i,il regressing mode and a modal crossover occurs where the flap regressing mode

. becomes predominantly lead-lag regressing, and the lead-lag regressing mode
becomes predominantly flap regressing. In other cases two modes may cross

without a change in character, as in figure q(a) where the lead-lag
regressing and body roll ,,nodes cross at 280 rpm. The predominant physical

o

% 1l
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_' character of the theoretically predicted modes is Indicated in these figures t
by letters: _ for lead-lag regressing, _ for flap regressing, and so ._
forth. At rotor speeds above the resonance of blade lead-lag motion and 1

one-per-rev, that is where _ = fi or _}-_ = O, the theoretical model .=41
predicts that the lead-lag an_ flap regressing modes coalesce over a very

narrow range in rotor speed. This coalescence is shown in an inset at 5
times scale on the modal frequency plots. The frequency coalescence is
associated with a weak instability that was discussed In reference 2. :J

Estimates of the lead-lag regressing mode damping are also shown in

figures 9 to 12. Attempts to measure the flap regressing and body roll mode

damping were made, but these modes showed strong nonllncar damping behavior
characteristic of the nonlinear damping of the glmbal ball bearings (see

appendix A) and the attempts were abandoned. Theoretical predictions of .i
both flap and lead-lag regressing mode damping are presented in these
figures, as these modes are strongly coupled, and as rotor speed varies
these two modes switch character. Where the modal damping is predominantly
lead-lag or flap this is indicated on the figures with the symbols _ or _,
respectively. Because of the nonlinear character of the gimbal bearing
damping, the selection of a damping value for the theoretical model is some-
what arbitrary. The effect of different levels of bearing damping was in-
vestigated by both halving and doubling the nominal value of 3%. This i

effect is shown for the lead-lag regressing mode by the shaded area. As can

be seen the lead-lag regressing mode is sensitive to the amount of glmbal

damping only at the modal crossovers or crossings, and at low rotor speeds.

The weak instability associated with the lead-lag and flap regressing mode

coalescence Is shown in these curves, and unstable conditions were actually

encountered for two of these configurations. _i
t

The lead-lag regressing mode frequency behavior Is unchanged as body _'i

roll stiffness is varied. However, the body roll mode and flap regressing
P ,

mode frequencies are shifted upwards in frequency as roll stiffness is
increased. The upward shift In the flap regressing mode results in changing

the rotor speed at which coalescence with the lead-lag regressing mode _
occurs. The body roll mode shows a strong dependence on rotor speed and \even for the configuration with the softest roll spring the roll and lead-

lag regrcssing modes are well separated in frequency; consequently no
mechanical instability of the ground resonance type occurs. The lead-lag

regressing mode damping is relatively unchanged as body roll stiffness Is

increased, except for the shift In the location of the weak instab!llty due
to the flap and lead-lag mode coalescence.

The agreement between the theoretical predictions and experimental data

for modal frequency is excellent. Even when the scale is expanded as in the
case of the lead-lag and flap regressing mode coalescence the correlation is

still very good. The lead-lag regressing mode data show the best agreement,

whereas the greatest difference between theory and experiment is for the

body roll mode, particularly the configuration with "_o = 4.11 Hz. The
agreement between the theory and experiment is not as good for the lead-lag
legresslng mode damping. The lead-lag regressing mode data show con-

slderable scatter and in general the theory overpredicts the level of

12
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damping. The weak tnstabtlity that occurs at the lead-lag and flap re- 1
: grossing mode coalescence Is evident in the damping data of figures 9 to 11, !

.." but the d'ffcrenee In rotor speed between theory and experiment for the one

unstable point in figure lO(b) ts inexplicable. It is interesting to note i'that some of tile larger differences between theory and experiment occur in
' regions where the predicted lead-lag regressing mode damping is most sensitive

to body damping. In particular, it appears that for body frequencies of 0.75
and 1.89 tlz, a higher damping level would improve the correlation.

In a few teat conditions the damping allowed significant nonlinear
behavior. Ill these cases the damping was initially lar,-- and as the ampli- i
rude of the motions decreased the damping also decrease,. In this sense the
damping appeared directly proportional to amplitude. For the purposes of
this discussion this characteristic will be referred to as a positive ,on-
linearity. (The damping in the gimbal bearit_gs, however, is inversely
proportional to amplitude and is termed a negative nonlinearity; see appendix
A.) These cases are shown in the figures as data points located at the
initial damping level with an arrow extending to the final damping level.
This notation is somewhat crude, and is included only to provide an indica-

tion of where obvious nonlinear damping behavior was observed and of its |
extent, Although the data for these conditions appeared nonlinear there are
alternative explanatlons for this behavior. One possibillty is that data

taken in the vicinity of steep gradients of damping with rotor speed showed

apparent nonlinear behavior which in fact was due to slight variations in
rotor speed. An additional possibility is that both the flap and lead-lag
regr. asing modes were excited for these conditions and their combined decay
gave the appearance of nonlinear behavior.

I

Lead-_lag progressing mode. - For one roll stif fness condition

(t_o = 1.89 Hz), the model was excited at its lead-lag progressing frequency
and estimates were nutde of the lead-lag progressing mode frequency and i
damping. These are sho_m in figure 13 which is the same as figure 10 i
except for tile extended scales. The frequency shows good agreement with tile
theoretical predictions up to about 500 rpm, after which the theory signifl- 1
cantly overpredtcts the experimental wdues. The theoretical predictions, \however, assume that the pitch degree of freedom is absent, and it is
reasonable to expect that the lead-lag and flap progressing modes might very
well be affected by the actual pitch stand frequency which is approximately
27 ltz. If the pitch degree of freedom is added to the theoretical pre-
dictions, as sllow_ by the dashed lines in these figures, it can be seen that
the frequency data and theory now agree, although the agreement is not as
good as for the other modes previously discussed.

'rite damping estimates shown tn figure 13(b) show an initial dip at about
400 rpm and then a rapid Increase In damping level with rotor speed. This
dip, which Is due to tile modal crossover with tile flap progressing mode° is
evidenced In the theoretical predictionl but the subsequent rapid increase int

damping: is not predicted. If the pitch degree of freedom Is included,
however, the theoretical model allows much better agreement with tile experi-

mental damping, although it appears that the damping estimate of the 1
stand-pitch mode is probably too high.

13
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Tantalum Blades with Pitch and Roll Freedom

The tantalum stub blade configuration was tested with the pitch and roll
springs set to give approximately the same nonrotating body frequencies. Tilt,
experimental estimates of frequency and damping are shown in figure 14. Tile
general character of the frequency data is much tile samo as for tile roll
freedom alone .case, except that the body pLtch mode is lower in frequency
than the body roll mode. The body pitch and lead-lag regressing modes
coalesce at about 860 rpm and mechanical instability results. As shown in !

figure 14(b) the lead-lag regressing mode rapidly becomes unstable, and it
was necessary to use the automatic snubbing capability of the model for these

data points. Interestingly enough there is no appearance of a weak in-

stability at the crossing of the lead-lag and flap regressing modes as in the

roll alone case. The agreement of the theory with the experimental frequency
measurements for this case is very good. However, the theory predicts that

the body pitch and lead-lag regressing modes approach and coalesce wel I into

the unstable region, while the experimental data inaicate that this approach
occurs at a lower rotor speed.

The lead-lag regressing mode damping data sho_m in figure 14(b) maintain

a relatively uniform level until the unstable region is approached, and then
the damping rapidly decreases. The scatter in the data is somewhat improved

over the roll alone tests, but this improvement is exaggerated by the ordinate

scale contraction. As the Instabll_ty is approached, tiledamping in the

lead-lag regressing mode is sensitive to the amount of excitation. In the
: unstable region some of the data points show a negative nonlinearity. The

correlation between theory and experiment is very good, particularly the
.I predicted stability boundary. Changes in the amount of timbal damping have

only a slight effect upon modal damping.

, Aerodynamic Blades with Roll Freedom

The model was tested with conventional blades of aerodynamic cross-
, section with the pitch gimbal locked out. Only one roll spring stiffness and

• one blade pitch angle were tested. The frequency and damping for this

configuration are shown in figure 15. The character of the modal frequencies

is considerably changed from the tantalum stub blade case. The lead-lag

regressing mode changes frequency more quickly with rotor speed due to the
decrease in the effective hinge offset. The resonance with one-pt.r-rcv has

now decreased to 440 rpm. The flap regressing mode is no longer obserwlble

with the excitation method used in this experiment, and the theory predicts

that its modal frequency goes to zero and it becomes crit Ically damped _It 7t)5
rpm. The body roll mode appears independent of rotor speed, and the coupled

rotor-body system becomes unstable where thls mode is proximate to the lead-

lag regressing mode. The modal frequency data show good agr('ement with the

theory with some minor differences. The theory underestimates the body roll

mode frequency over most of the rotor speed range, particularly in the

unstable region, llowever, within the unstable region, frequency estimates

of the stable body mode are particularly difficult in the presence of the

unstable lead-lag regressing mode; therefore, discrepancies in this region

14

1978021101-TSB03



are not surprising• Tee lead-lag regressing mode sllowsgood agreement

. between experiment and theory• As rotor speed is increased tilt, lead-lag
regressing mode prediction underestimates tile experimental data. It is
suggested that this is due to flexibility in tile model blades that is not

• accounted for in theory.

The experimental estimates of the lead-lag regressing mode damping in
figure 15(b) show that the damping level remains relatively constant until
the onset of the instability. Tile mode is then unstable over a range of
about 85 rpm and then becomes stable again. Tile damping does not return to
its previous level beyond tile region of instability. The experimental data
show nonlinearities in damping and sensitivity to excitation level at tile
boundaries of the unstable region. At tile lower boundary, tile damping shows
a negative nonlinear character, while the damping shows positive nonlinear
behavior at the upper bound. The correlation of theory and experiment is
good, the theory showing the proper damping level below the unstable region
and the lower stability boundary. At higher rotor speeds, the theory under-
estimates the amount of unstable damping, and does not correctly predict the
upper stability boundary. The theory also overpredicts the recovery in
damping level. A possible reason f:_r this discrepancy is that the
theoretical model assumes a symmetrical airfoil at zero pttclt angle, wbtle
the model employed a cambered airfoil with c_ _ 0.15 at zero pitch angle.
The resulting differences in inflow may explain some of this differet'.ce.
Although the lead-lag regressing mode damping is sensitive to the amount of
body damping in tile unstable region and beyond, it does not appear that this
provides a suitable explanation of tile differences between theory and experi-
ment •

Aerodynamic Blades with Pitch and Roll Freedom

Low tltrustt O-0 °. - Tile model was tested with both pitch and roll
freedom using the aerodynamic blades. The spring stiffnesses used for the
pitch and roll degrees of freedom were identical to tile configuration tested
with tlletantalum stub blades; however, because the rotor mass was reduced

with the aerodynamic blades the body frequencies increased correspondingly•

Tile experimental frequency and damping estimates for tillsconftguratiov are
sho_m in figure lb. The character of the modal frequencies is little
changed from the aerodynamic blade configuration wtth roll freedom alone,
except for the addition of the pitch mode. This mode is somewhat lower in
frequency than the body roll mode, and sltows the same invariance with rotor
speed. The region of aeromechanical tnst_ bility is extended to lower rotor
speeds due to tile coupling of tile body pitch mode with tile lead-lag re-
grossing mode. Tile unstable region extends to higher rotor speeds as well+
Tile agreement between experiment and theory is quite good, with a slight
underpredtction of the frequency of both body modes. Tile prediction of tile

• body mode frequencies Is not as satisfactory at low rotor speeds. As in the

roll alone configuration, tlle theoretical model underpredicts the experi-

mental value of tlw lead-lag regressing mode frequency at high rotor speeds.
• A_ discussed previously tile experimental estimates of body mode frequencies

l,t the, unstable region art, unreliable.

15
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In damping with amplitude. Body mode damping data were poor and re-
flected the health©or behavior uf tileRimbal ball bearings.

3. In the ca_L_ of straulatt_dvacuum tt_t tug wlth roll freedom

alone, the data show a weak instability where the lead-lag and {lap

regresslng mod_a art_ proximate. This lnstablilty was predicted In
rt,ferenee '_ for rotors In a vacuum,

l_. Hechanicat Instabtllty of the cla.sicai ground resouance type
was obtained during simnlatod vacuum te.t [ng with pitch and roll
freedom.

5. &eromL:chanlcal Instabilities were encountered during tests

vith conventional airfoil blades both at low and normal thrust levels.'rhru_t tends to destabilt=e the rotor-body system as shown in reference
_t

! (_. All data were correlated with the theoretical model of

I reference q and In general Rood ¢orrelat ion was obtained. The qualitv _i
of the correlation was better for simulated vacuum testing than with
aerodynamics included. Thit_ impliet_ that tile accuracy of the, data was
degraded with aerodynamics Included, or that tile theoretical modeling of
blade aerodynamics is not ,18 accurate as the modeling of tile structural
and inert in terns.

7. Tile use of tantalum blades with a circular cross section proved
to be an effective means of aimnlating rotor testing Ill a vacnum. The
effect ive Lock number of these blades was reduced to 0.2% of the blades

with a convent tonal airfoil, j

8. Tile transformation of individual blade bending moment t_ignais *
to multi-blade coordinates io the fixed system provided a means of *

directly observing tile rotor progressing and regressing motle_, rhts /
capability contributed to tile aucce88 of tilt' experiment. \

q. The use of a snubbing mechanism to lock out hotly mot ion8 when
encountering coupled rotor-body instabilities provided a sate means of
testing well Into the nutttabte regimes. Tile inclusion of automatic
stttlbblng based Oll blade lead-lag bending moment was essent Iill t o t lie
eomplet |on of tile experiment.

I0. 'rile ball bearings used In tile gimbal frame to provide pitch and
roll freedom exhibited nonl lnear d,mping of the Coulomb or dry frier ion

type. Vlexural pivots to replace these bearlngt_, or ,i reduct Ion In
I_earlng sl_e or nnmber of balls Is required to eliminate the Infhlence
of this nonl Inear damping.

t

I
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/ The profile drag coefficient for the aerodynamic blade was estimated from

P

!
• steady blade deflection data (ref. 10). The Lock number lncludes the effect

cf the profile drag coefficient as dt._cussed in the body of the report. The
blade is untwisted. The height of the rotor plane above the gimbal axes lsit. h- 24.1cm.

."jl Mass Properties
J,

The blade mass and inertia properties are given in table 4; it:eluded are
both the blade and the root flexure hardware outboard of the flap flexure

centerltne. ,]TABLE 4. - BLADEMASS AND INERTIA PROPERTIES

Quantity Aerodynamic blade Tantalum blade i

Mass, mb, g 232. 699. /i

Centrotd of mass with 0.315 0.573

respect to centerline, Xcn/R

_:,_: Flapping and lead-lag 16.1 17.7
o_ inertia, I, g-m 2

s

_'J_ Pitch inertia, Ia, 8-m2 0.00224 0.00285

_; Rotor polar inertia, Jr, 8-m2 76.5 12.0

_ii Blade mass was measured by weighing the blade and root flexure hardware. The
_:,_, centroid, flapping and lead-lag Inertias, and pitch inertia for the aerody-
_;! namlc blade were calculated from mass and dimensional data for the blade root
_ hardware, and by measurements reported for the blade alone In reference 14.

......_; The blade flapping and lead-lag inertlas were the same to wlthln the accuracy
_i_, of the measurements. The centrold of the tantalum blade was measured by
_-_: balancing the blade on a knife edge, while the inertia was estimated from

pendulum tests. The stub blade pitch inertia was calculated from its
-__ dimensional properties. The rotor polar inertia given in table 4 is for
-_ three blades together. It was calculated including the hub and root hardware

inboard of the flapping axis (these constitute only 4Z and 3Z of the total
_:_ polar inertia for the aerodynamic and tantalum blades respectively), but
_ excluding the effects of the drive shaft, bellows couplings, and transmission

. gear train. Thls assumption was checked by measuring both pitch and roll __-; body frequencies over a range of rotor speeds with the blade and root hard-
-I_,_. ware removed; no frequency change due to gyroscopic coupling could be

determined.0

_b
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StifEness Properties

The flap and chordwlse stiffness of the blade root flexure and blade are
shown in table 5. The flapping root flexure length is 1..212 cm, and the

TABLE 5. - FLAP _{D CHORDWISE STIFHqESS (EI), N-cm 2

Quantity Flap Chord

Root flexure 8.35 x 102 1.55 x 103

Aerodynamic blade 6.54 x i0_ 1.77 x 106 .;

Tantahlm blade 2.34 x 106 2.34 x 106

lead-lag root flexure is 0.699 cm in length. The tabulated aerodynamic blade
stiffness properties extend from B.S. 20.17 cm to the tip, while for the

tantalum blade the properties run from B.S. 13.77 to the tip.

Frequency and Damping ;

: The frequency and damping of the rotor blades were measured under non-
rotating conditions. The blade frequencies are presented in table 6. The
first torsion mode and higher flap and lead-lag modes were obtained from

TABLE 6. - NONROTATING BLADE FREOUENCIES, Hz

Blade Mode Flap Lead-lag Torsion

,,= , , ,, , ,,o

_t

Aerodynamic 1 3.10 6.58 342. i |

2 32. 150. --

3 96. 357. --

Tantalum i 3.01 6.39 --

i ......

shake tests of a single blade and root flexure. The mean value of the first

flap and lead-lag mode frequencies were measured with the blades installed on
the model, with the exception of the tantalum blade flap mode which could not

be obtained due to droop-stop restraint. This frequency was calculated as:

• t

2O
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i " (_eo)tant = (_eo)aero (_O)aer °

• The mean damping of the blades was (in percent critical damping):

:i' (n_)aer° _" 0.362

"I (n_)tant " 0"18_ _

BODY PROPERTIES

Mass and Inertial Properties

The mass of the body was measured by weighing the model without the
glmbal frame or hub components. Portions of the blade root flexure inboard
of the flapping flexure were weighed separately and included in the body

weight. The resulting estimate is: mB = 19,270 g.

The body inertlas were estimated for one combination of pitch and roll
spring settings. The blades and root hardware were removed, and the body
mode natural frequencies determined. The spring _ates were computed by
measuring the model deflection under an applied moment. The inertlas were
then calculated assuming the body behaved as a single degree-of-freedom
system, and adding the contribution of the blade root hardware inboard of

the flapping hinge. The estimates of the inertias ares l 0 = 511 g-m2; and

I_ = 187 g-m 2.

The center of gravity of the body was not measured, but was assumed to
be coincident with the intersection of the pitch and roll axes.

Frequency and Damping

For each test configuration, body mode frequency and damping were
measured under nonrotating conditions. These frequencies, previously shown
in table 1, are not uncoupled body frequencies, but rather are coupled or
partially coupled frequencies. In the case of the tantalum stub blades,
flapping is restrained by the blade droop stops, but lead-lag motion is un-
restrained. For the aerodynamic blades, both flap and lead-lag motion couple
with the body motion.

The damping of the body is strongly affected by the nonlinear damping
• character of the pitch and roll ball bearings. The effects of bearing

damping were investigated by completely stripping the model of extraneous
cables, wires, or tubes that might restrain the body, and by observing the

• decay of body oscillations after deflecting the model. The bearings were

21
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free of grease or ell for these tests. A local damping coefficient was

defined based on the decay p_r half cycle oR:
1
1

_local " 200 _n (et+l/O i) t

in percent of critical damping, where 8 i represents the magnitude of the
first peak, and el+ 1 is the magnitude of the peak a half cycle later. The !
measured values of the local damping coefficient for pitch and roll are shown
in figure 18. If the damping were linear the local damping coefficient would t

be invariant with amplitude. The dependency of the damping on amplitude i

suggests that the nonlinearity is due to Coulomb friction. If it is assumed
that the source of the Coulomb friction in the bearings is due to the balls

rubbing against the bearing cage then the damping term should be: !
i

D = 2rBnBf B :,.t

where rB is the radius to the bearing race where the Uamping force is

applied, nB is the number of balls in the bearing, and fB is the friction
force. The first two values are known parameters of the bearing configura-

tion; however, the friction force fB depends on cage restraining force and
the friction coefficient between the balls and cage and is unknown. As the

damping term is dependent on only the sign of velocity, the differential
equation describing a single-degree-of-freedom system is nonlinear. There
is, however, a closed form solution (ref. 15) which may easily be expressed ::
in terms of a local damping coefficient.

Elocal = 200En e7 J t'
)t

where K is the body stiffness. If a value for the friction force fB is 10

arbitrarily selected to fit the pitch bearing data, it can be seen in |
figure 18 that the hypothesis offered here provides an excellent representa-
tion of the measured bearing damping. However, the predicted damping for the

roll bearing is considerably in error. An examination of the roll bearing

design shows that the cage only restrains alternate balls, the ones in
between being free to rotate three or four diameters before encountering the

cage. If it is assumed that only the 23 restrained balls in the bearing
affect the damping then the agreement with the measurements is much improved.
To reduce the effect of this nonlinearlty it is necessary to reduce the

bearing radius, the number of balls, or both. Clearly, having a lo= of balls

is not advantageous in this case.

Estimates of a representative body damping were difficult to obtain from
the data because of the nonlinear bearing damping. Subjective estimates were

made for the tantalum stub blade configurations; these values are shown in

figure 19. It appears that the effective body damping increases as body
stiffness is reduced. This result is consistent with the expression for

Coulomb friction damping given above which shows that the local damping
coefficient increases as stiffness is reduced.

22
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APPENDIX B

INPUT DATA FOR CORRELATION MODEL

The input data uAed in the theort_ttcal model of reference 9 are
described in table 7, Most of the valuea in table 7 were calculated directly

t

TABLE 7. - CORRELATION MODEl, INPUT DATA

Parameter Aerodynamic blade Tantalum blade

L, cm 72.01 28.88

I, g-m "° 15.63 16.60

rio' sec'l 104.7 104.7

EIf,'Iflv2t .03592 .03481

EIc/Iflo2t .1594 .1567

GJ/Iflo2£ .6038 .5682

EA_/Iflo2 395.2 371.9

_/L .01683 .04195

e/t 6.525 6. 525

mbL2/I 7. 688 3. 509

Ia/I .001434 .001718

xb .2282 .4382

X c

g/flo'qL .007241 .003094

pcL _ (a+Cdo) / I 5. 061 .006496
o .04933 .03179

Cdo .0079 1.0
a 5.73 .0

mBL2/I 639.1 96.8

I_/I 11.93 11.23

Io/I 32.65 30.7_

h/L •3351 .8355

kzL2/I_o 2 1. I.

_x/L (a) (a)

ty/L (a) (a)

n_i .0035 .00185

n_x .03 .03

n_y .03 .03

aSelected to match body frequency.
23
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:'i-__ from the model data of appcndlx A. The blade nondlmenslonal flap and Iced-lag
"" stiffness were computed from the nonrotattng, uncoupled blade fro, quoncy data

_'i 2' rather than from the _tructurnl properties of the root flexur_n. The non_
dimensional vertical spring spacings were s_lected to match the measured body

i frequencles. For the tantalum blade con£1guratlons the spaclngA were:"! I' computed assuming their the blade was drooped 2" and restrained from moving.

!i I The same spacings were used for aerodynamic blade configurations, as the

i actual spr£ng settings were kept the same between the two configurations.i Body pitch and roll damping were set to 3?, critical, raghcr than trying to
: ' match the nonlinear values.

i},
i /

,o
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Figure 7.- Rotor model excitation set-up. '
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Figure 8.- Uncoupled rotor progressing and regressing mode frequencies in
fixed system (rotating blade frequencies shown for clarity).
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0 100 200 300 400 500 600 700 800 900 1000

_1,rim

(a) Modal frequency.

(b) Lead-lag regressing mode dampJng (shaded area shows effect of doubling and
halvlng nomlnal body damping).

Figure 9.- Tantalum stub blades with roll freedom; _o " 0.75 Hz.
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Figure 10.- Tantalum stub blades with roll freedom; W_o
1.89 Hz.
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(a) Modal frequency.

(b) Lead-lag regressing mode damping (shaded area shows effect of doubling and
halving nominal body damping).

Figure 11.- Tantalum stub blades with roll freedom; _o = 2.60 Hz (flagged
symbols _o = 2.56 Hz).

37

_"*":' :" " " " ' ' .........." :" : .... ".... """ " :9"80-1172101-TS-12C



(b)
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__ (a) Modal frequency.

(b) Lead-lag regressing mode damping (shaded area shows effect of doubling and
halving nominal body dampirtg).

Figure 12.- Tantalum stub blades with roll freedom; "_o = 4.11 ltz.
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Figure 13.- Tantalum stub blades wlth roll freedom, Including progressing

I modes 0_o = 1.89 Hz.
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(a) Modal frequency.

(b) Lead-lag regressing _ode damping (shaded area shows effect of doubling and
halving nominal body damping).

Figure 15.- Aerodynamic blades with roll freedom; _%o = 2.79 Xz, % ,, 0 °.
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Figure 16.- Aerodynamic blades vtth pitch and roll freedom; " 2.b2 lh',,• t0(IO
m_o " 2.73 Hz, 0b - 0 °.
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Figuce 17.- Aerodynamic blades with pitch and roll freedom; WOo: 2.62 Hz,
t_o = 2.73 Hz, 0b = 8.90.
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Figure 18.- Local damping coefficient of gtmbal pitch and roll bearings;
flagged symbols are repeat points.
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Figure 19.- NonrotatZng body damping for tantalum stub blade configurations. I
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